Pseudo-simultaneous measurements at all 4 seats in car, and inside-outside taken Identical PNCs at all 4 seats indicated car cabin air is well-mixed Ratio of in-cabin to outside PNCs is not uniform for different particle sizes Time scale analysis highlights dilution as a dominating process A proposed semi-empirical model predicted inside cabin PNC adequately well *Highlights (for review) Citation details: Joodatnia, P., Kumar, P., 
Introduction

37
Vehicle emissions are generally the major source of atmospheric nanoparticle 38 pollution in urban areas and consequently make a very significant contribution to the 39 associated adverse health effects (Bos et al., 2013; Donaldson et al., 2005; Hofmann, 2011; 40 Oberdorster, 2000) . The scale of such emissions can be estimated from the total number 41 of road vehicles in operation worldwide, a figure put at more than 1 billion in 2010 (Sousanis, 42 2011) . Road users are one of the most exposed groups and recent research by the authors 43 (Joodatnia et al., 2013 ) demonstrated that freshly emitted nanoparticles comprised more than 44 99% of particle number concentrations (PNCs) inside a car cabin during journeys on typical 45 UK urban roads. We continue that focus in this paper and investigate the relationship 46 between nanoparticle pollution inside a car cabin and that prevailing outside, and the physical 47 behaviour of particles within a cabin. We are referring nanoparticles to those below 300 nm 48 here to represent the major population of PNCs. 49
A number of recent studies attempt to characterise passenger exposure to PNCs during 50 commuting. In general, higher PNCs are reported in car cabins (4. cabin measurements in a typical UK town (Guildford). They found that the close proximity to 57 the tail pipe of the preceding vehicle, in slow moving and congested traffic conditions, was 58 the dominant traffic parameter responsible for high PNC levels in the cabin. One second 59 averaged PNC measurements were found to be up to two order of magnitude greater than 60
hourly average values in the car cabin (Joodatnia et al., 2013) . 61
A number of recent studies have also addressed the correlation between PNCs in a car cabin 62 and those measured outside, as summarised in Table 1 . The flux rate of nanoparticles into the 63 car cabin is highly influenced by the air exchange rate (A E recirculation fan setting for 63 vehicles and found that A E increased at higher travelling 71 speeds. However, this effect was more significant for older vehicles compared to newer ones 72 . This is possibly due to reduction of sealing efficiency of doors and 73 windows in older cars, which causes them to be less air tight (Fruin et Experiments were conducted using a DMS50, measuring number and size distributions of 137 particles in the 5-560 nm range at a sampling frequency of 10 Hz with a 500 milliseconds 138 response time. The DMS50 has recently been employed in studies within the same car cabin 139 (Joodatnia et al., 2013) and for the on-board measurements (Carpentieri and Kumar, 2011 ).
140
The instrument was found to perform well in these circumstances. Further details on the 141 working principle, noise levels and application for ambient measurements can be found 142 elsewhere (Kumar et al., 2010 ). An internal pump enclosed within the instrument maintained 143 a sampling flow rate of 6.5 lit min -1 through electrically and thermally conductive sampling 144 tubes. Short length (~0.50 m) sampling tubes, having 5 mm internal diameter, giving 0.3 s 145 residence time, were employed to minimise particle losses (Kumar et al., 2008a) . The 146 instrument was calibrated by the manufacturer (Cambustion Ltd.) in January 2012, and, the 147 measurements were conducted within the one year calibration validation period. 148 A DC power operated automated solenoid switching system was used in conjunction with the 149 DMS50 for making the measurements at multiple locations (see Fig. 1b ). The switching 150 system was software controlled, allowing 10 s measurements at each location by redirecting 151 the sampling flow among the locations. The first 2 s of data from each measurement was 152 discarded in order to allow for sample clearance and the final 8 s of data was retrieved for 153 analysis. 154
Two separate sets of measurements were made sequentially over 10 second intervals at: (i) 155 four points in the car cabin, and (ii) at two points, one the driver's seat and the other near the 156 ventilation air intake outside the car. The measurements in the cabin were conducted at near 157 breathing height (i.e. 1.2 m above the car floor). A total of 78 runs were conducted for four 158 point measurements, in which 7 runs were discarded due to errors in data acquisition, 159 providing about 700 minutes of measurements on the selected route. For two points 160 measurements, a total of 50 runs was conducted, in which 1 run was discarded, giving about 161 500 minutes of measurements. 162
The ambient wind speed and direction, temperature and relative humidity were also 163 monitored during the study period, together with the cabin temperature and humidity. The 164 average meteorological conditions and cabin temperature and humidity are summarised in 165 
Where A E is the air exchange rate into the car cabin (see SI Section S.2.1).  The random scatter of predicted PNCs should be within a factor of two of the mean (i.e. 211 VG <1.6 and NMSE <4). 212
Time scale analysis of particle transformation processes in the car cabin 213
Time scale analysis is an approach to study the possible effects of particle 214 transformation processes on PNCs and PNDs. The effect of different processes is highly 215 dependent on the time scale (τ) of each, with the smallest time scale being the most effective 216 (Ketzel and Berkowicz, 2004) . The ratio of PNC (N; # cm -3 ) and PNC variation in time 217
; # cm -3 s -1 ) due to a transformation process (e.g. coagulation) is regarded as the 218 time scale of that specific transformation process (e.g. τ coag ). 219
The assumptions of the time scale analysis for dilution, coagulation, dry deposition and 221 condensation processes are outlined below. The detailed analytical approach and calculation 222 methodologies for these analyses are reported in the SI Section S.3 and related results and 223 discussions in Section 3.
224
A E was estimated using the tracer gas decay method as described by Bassett et al. (1981) :
A separate set of measurements were employed to estimate A E . These measurements were 227 conducted at a single point at the front passenger seat (Joodatnia et al., 2013 
3.
Results and discussion
264
In order to ensure the quality of the data collected, sensitivity levels of the DMS50 265
were assessed by comparing the lowest level of PNDs that the instrument is capable to detect 266 with the minimum PND measured along the route. PNDs for background (minimum) PNCs 267 were found to be well above the lowest level of PNDs that the DMS50 is capable to detect for 268 particle diameters above 7 nm. Further details of instrument signal-to-noise ratio are 269 discussed in our recent study (Joodatnia et al., 2013) . 270
PNC analysis 271
Four points measurements 272
Average PNCs at the four sampling locations are summarised in Table 4 shows a summary of PNC measurements at two points: one in the car cabin 287 (P 2 ) and the other outside (P 5 ). As shown in Section 3.1.1, PNCs in the car cabin environment 288 are well mixed and average PNCs at P 2 are almost equal to those at other points in the cabin. 289
Therefore, it can be assumed that PNC measurements at P 2 are representative of the whole 290 cabin environment. The average I/O for the present work was computed as 0.55, 0.82 and 0.11 for particles in the 296 5-30, 30-300 and 300-560 nm size ranges, respectively. Fig. 2 indicates size-resolved 297 penetration factors (I/O) i for particles in the 5-560 nm size range. Eq. (4) provides the best 298 fitted line with coefficient of determination (R 2 ) about ~0.93 (see Fig. 2 ). 299
These results show that the penetration factor is far from constant for particles in 5-560 size 301 range, with attenuation in the nucleation and accumulation modes and enhancement above 302 300 nm in diameter. The reductions for nucleation and accumulation mode particles are due 303 to the greater diffusivity of these particles in comparison with particles over 300 nm (Seinfeld 304 and Pandis, 2006), and also losses as a result of formation of larger particles due to 305 coagulation of smaller particles in the ventilation system. The I/O values greater than unity 306 for particles larger than 300 nm is probably indicative of re-suspension of these particles in 307 the car cabin, and also the formation of larger particles by coagulation of smaller sizes. Eq. 308 (4) can be used with Eq. (1) in order to predict PNCs in the cabin using measured values 309 outside the cabin. However, it should be noted that the analytical expression for size-resolved 310 (I/O) i is strongly influenced by vehicle characteristics such as mileage, age, ventilation 311 system/setting and vehicle air tightness. Therefore, this expression may only be used for 312 similar vehicle and ventilation conditions. Careful consideration is required to apply Eq. (4) 313 to other vehicles and different ventilation conditions. 314 Table 4 shows that, on average, the PNC weighted geometric mean diameters of all particles 315 are ~48 and ~53 nm for those measured outside and in the cabin, respectively. This again 316 highlights the fact that freshly emitted PNCs are possibly coagulated and grown in diameter 317 to larger size by the time they reach the car cabin. This might be the reason of a greater 318
proportion of PNCs in the accumulation mode (~74%) in the car cabin in comparison with 319 those measured outside (~65%), see SI Section S.5. 320
As seen in ratios for PNCs in the 30-300 nm size range are almost unity (see Table 5 ). As discussed in 347
Section 1, there are many factors affecting the variations of PNCs in the car cabin. Important 348 factors when comparing the spring and winter seasons are likely to be the traffic intensity and 349 meteorological conditions (e.g. temperature and humidity). Table 2 ). This lower temperature could be a possible factor 352 responsible for the larger peaks in the nucleation mode during the WC (see Table 5 ). 353 However, the coefficient of determination indicates only a weak correlation between ambient 354 temperature and variations in PNCs in the car cabin (R 2 ~ 0.34) (see SI Section S.4). Relative 355 humidity also influences PNCs. However, the variations of relative humidity during the 356 measurements were limited and no connection with the PNCs was distinguished (see Table  357 5 outside and in cabin measurements, respectively. As previously discussed in Section 3.1.2 398 and shown by Fig. 4 , the ratio of external to internal PNDs is greater in the nucleation mode 399 particles than those in the accumulation mode. These highlight that PNDs for both inside and 400 outside the cabin demonstrate almost identical bimodal shape, despite the differences in their 401 magnitudes. 402
Time scale analysis 403
Using the methods introduced in Section 2.4, time scales of the particle 404 transformation processes were calculated for particles in the 5-560 nm size range in the car 405 cabin. Time scale analyses for particles in 5-560 nm size range are shown in Fig. 5 . It can be seen 417 that dilution process is the shortest process (~36 s) in the car cabin. Generally, for other 418 transformation processes (i.e. coagulation, dry deposition and condensation), the fastest 419 processes occur at the smallest size particle, with coagulation for particles below 10 nm being 420 the fastest (10 3 s) of all. Fig. 5 indicates that particle losses due to coagulation are faster than 421 dry deposition for particles below 100 nm in size. However, the trend is reversed for particles 422 larger than 100 nm. 
Measured versus modelled PNCs in cabin 437
Having found the car cabin to be a well-mixed environment (Section 3.1.1) and with 438 dilution as the dominant process influencing PNCs (Section 3.3), the semi-empirical 439 mathematical model introduced in Section 2.3 (Eq. 1) is used to predict PNCs from those 440 measured outside. In order to evaluate the performance of the proposed model against 441 measurements, the total 49 trips were split into two segments by a random selection method. of A E according to driving modes would assist to predict PNCs in the cabin more accurately. 467
This would be highly beneficial where ventilation settings vary over the time and a more 468 accurate approximation of personal exposure is required. 469
Using the statistical measures introduced in Section 2.3, the operational performance of the 470 model was assessed for the whole data set (10000 seconds) at 10 seconds time steps. Table 7  471 indicates that the fraction of predicted PNCs within a factor of two (FAC2) of the measured 472 values is greater than 0.9 for all size ranges (i.e. 5-30, 30-300, 300-560 and 5-560 nm Figs. 8b-d . These three cases demonstrate the best 483 prediction (Fig. 8b) , maximum under prediction (Fig. 8c) and maximum over predictions 484 (Fig. 8d) . Figs. 8c and d show the test cases in which the averaged PNCs in the 5-560 nm 485 size range were the most under and over predicted values by 13 and 11%, respectively. Fig.  486 8b demonstrates that the modelled PNCs in most time steps were very close to the measured 487 values. However, there are a few under or over predicted values, which are far from measured 488 values (see Fig. 8b ). As discussed previously, these under and over predicted values occur 489 because of change in the actual A E in the cabin due to travel at different speeds, respectively. 490
4.
Conclusions and future work 491 Measurements of particles in the 5-560 nm size range were conducted using a fast 492 response differential mobility spectrometer (DMS50) in conjunction with an automated 493 solenoid switching system. Measurement were conducted at 10 Hz sampling rate over 494 sequential 10s intervals (i) at four points in the car cabin, and (ii) at two points, one the driver 495 seat, and the other near the ventilation air intake outside the cabin. The four point and two 496 point measurements were conducted during ~700 and ~500 minutes of driving, respectively. 497
The data set was used to investigate average PNC and PND variations in space and time at 498 multiple locations inside and outside the car cabin. 499
Four-point measurements in the car cabin showed that PNCs at the front seats and the rear 500 seats were almost identical. This indicates that the car cabin is a well-mixed 501 microenvironment. Average PNDs at the four points were almost identical, which suggests 502 that nanoparticles in the car cabin do not change size due to transformation processes (e.g. 503 nucleation, coagulation, condensation). It should be noted that the estimated total cabin 504 volume of the Volkswagen Golf was about 4 m 3 , which is relatively small in comparison with 505 other transport microenvironments (e.g. busses, trains). Therefore, the conclusions might not 506 extend to these environments and measurements at multiple locations would need to be 507 conducted to decide the matter. 508
Two-point measurements revealed that the ratio of internal to external average PNCs was 509 about 0.72 (I/O). This is in agreement to those reported for similar vehicles age and mileage 510 under the same ventilation setting. An expression was proposed to estimate size-resolved I/O 511 as a function of particle size diameter. This expression is not universal and will depend 512 strongly on the vehicle characteristics (i.e. vehicle air tightness, age, mileage and ventilation 513 setting/system). Therefore, the given expression should be used with care for other vehicles 514 and ventilation settings/systems. It will be useful to examine the relation with different 515 ventilation systems and vehicles types. 516
Time scale analysis showed that dilution was by far the shortest process in the car cabin and 517 that the variation of PNCs was almost entirely due to this process. This finding is in 518 agreement with previous studies which identified dilution as the dominant process. It should 519 be noted that the conclusions of the time scale analysis is strongly influenced by ventilation 520 setting and systems. Therefore, such analysis should be undertaken to extend this conclusion 521 to other transport microenvironments with different ventilation setting/systems. 522 300-560 nm) was assessed over 10,000 seconds at 10 seconds time steps using standard 527 statistical measures. The model performance for all particle size ranges was within the 528 accepted criteria for urban air quality modelling. A constant air exchange rate (A E ) was 529 employed as an input to the model despite the fact that A E actually changes as a function of 530 driving speed. The operational performance of the model can probably be improved by using 531 a time dependant air exchange rate instead of the mean value. Overall, for future work, the 532 modified semi-empirical box model should be examined against different ventilation systems 533 and vehicles types. 534
5.
Figure captions Note: Pearson correlation coefficient (R), the fraction of predictions within a factor of two of the measurements (FAC2), mean fractional bias (FB), normalized mean square error (NMSE), geometric mean bias (MG), the geometric variance (VG). 
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